Evidence for the Presence of Spin Accumulation in Localized States 
at Ferromagnet-Silicon Interfaces 



Y. Ando, 1 S. Yamada, 1 K. Kasahara, 1 K. Masaki, 1 K. Sawano, 2 M. Miyao, 1 and K. Hamaya 1 ' 3 * 

1 Department of Electronics, Kyushu University, 744 Motooka, Fukuoka 819-0395, Japan 
2 Advanced Research Laboratories, Tokyo City University, 8-15-1 Todoroki, Tokyo 158-0082, Japan and 
3 PRESTO, Japan Science and Technology Agency, Sanbancho, Tokyo 102-0075, Japan 

(Dated: July 6, 2012) 

We experimentally show evidence for the presence of spin accumulation in localized states at 
ferromagnet-silicon interfaces, detected by electrical Hanle effect measurements in CoFe/n + -Si/n-Si 
lateral devices. By controlling the measurement temperature, we can clearly observe marked changes 
in the spin-accumulation signals at low temperatures, at which the electron transport across the 
interface changes from the direct tunneling to the two-step one via the localized states. We discuss 
in detail the difference in the spin accumulation between in the Si channel and in the localized 
states. 

PACS numbers: 



The injection of spin-polarized electrons, manipulation 
of the injected spins, and detection of the manipulated 
spins were achieved for semiconductor (SC) devices. p]- 
0] Thanks to these technological jumps, many advanced 
physical phenomena in a field of semiconductor spintron- 
ics have so far been revealed. 0-0 Recently, the electrical 
detection of spin accumulation and its depolarization in 
SCs through the Hanle effect in the three-terminal lat- 
eral devices has frequently been reported for GaAs,[^,[loj 
Si.[Tll-[T7j and Ge.fl8l-[2lj Since the device geometry used 
in this measurement is very simple and the multiple fer- 
romagnetic contacts or submicron-sized fabrication pro- 
cesses are not necessary, this method is usually utilized 
as an evidence for the first step of the spin injection and 
detection in SCs. [9l-l2l| 

However, underlying physics of the spin-accumulation 
signals detected in the three-terminal methods has been 
argued. The critical issue was firstly raised by Tran et 
al. in Fe/A^Oa/GaAs structures. jlOj They reported a 
considerably large voltage drop (|AVHanie|), i-e., the mag- 
nitude of spin accumulation, of ~ 1 mV, which cannot 
be explained by the theory based on spin injection and 
spin diffusion. [2 2|-|25| In general, since the spin accumu- 
lation in SCs is corresponding to the difference in electro- 
chemical potential between up and down spins, such large 
|AVH an i e | cannot be created in the large density of states 
in the SC channels. [22- 25] Eventually, they theoretically 
claimed that the large |AVHanie| originates from the spin 
accumulation in extrinsic localized states such as ionized 
donors within the depletion layer or surface states at the 
insulator (I)/SC interface. [10] Very recently, Jansen et 
al. also explained theoretically the magnitude of spin 
accumulation created in SC channels by spin-polarized 
tunneling via interface states. [26] Their study particu- 
larly showed an influence of the parallel event of direct 
tunneling and two-step one via the localized states on 
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the spin accumulation, and revealed that there are some 
conditions that can equalize the | A Virile I values derived 
from the SC channels and from the localized states. (26| 
Considering these arguments, one has to discuss whether 
the spin accumulation occurs dominantly in the SC chan- 
nels or in the localized states in the three-terminal Hanle- 
signal measurements. 

Using the three-terminal method in a metal- 
oxide-semiconductor field effect transistor (MOSFET) 
structure, [15| we recently demonstrated the electric field 
control of |AVHanie| m Si at room temperature. At least, 
the above features and the |AVnanie| values can be ex- 
plained within a framework based on the simple diffu- 
sion model. (22l-[25j Namely, we have already observed 
|AVkanie| originating from the spin accumulation in the 
Si channels. In contrast, there is no clear evidence for the 
presence of the spin accumulation in the localized states, 
where the study by Tran et al. is not experimental ev- 
idence but is a possible comment so as to explain their 
data.(l0) 

In this Letter, we experimentally show the direct evi- 
dence for the presence of spin accumulation in the local- 
ized states at ferromagnet-silicon interfaces. By control- 
ling the measurement temperature, we can clearly ob- 
serve marked changes in the Hanle-effect signals at low 
temperatures, at which the transport mechanism of the 
electrons changes from the direct tunneling to the two- 
step one via the localized states. Since the Schottky- 
tunnel contact of our devices has atomically controlled 
heterointerfaces[30l[3l| and we do not use insulating tun- 
nel barriers, the influence of surface states at the I/SC 
interface should be excluded. Thus, we can infer that the 
localized states arise from the ionized Sb, used for modu- 
lation doping in the contact region, within the depletion 
layer. We also discuss the difference in the Hanle-effect 
signals derived from the spin accumulation between in 
the Si channel and in the localized states. 

The three-terminal devices with a CoFe/n + -Si 
Schottky-tunnel contact were fabricated as follows. First, 
~ 200-nm-thick n-Si channel with a carrier density (n) 
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FIG. 1: (Color online) (a) Schematic diagram of a Si-based 
three-terminal device with a CoFe/n + -Si Schottky-tunnel 
contact fabricated. The enlarged picture is a cross-sectional 
transmission electron microscopy image of the CoFe/n + -Si/n- 
Si heterostructure. (b) and (c) are AV23-£?z curves at 40 K 
and 18 K, respectively. The solid curves are fitting results 
with Lorentzian function. [ill] 



of ~ 6.0 x 10 17 cm -3 at room temperature was formed 
on an undoped FZ-Si(lll) substrate by an ion implan- 
tation (phosphorus) technique. Next, n + -Si layer with a 
thickness of ~ 7 nm was grown on top of the n-Si chan- 
nel layer by a combination of the Si epitaxy using an 
MBE process with an Sb (5-doping technique (Sb : 1 x 
10 19 cm~ 3 ).p7l-[30j Because of the surface segregation of 
doped Sb atoms in the Si epilayer, the doping profile of Sb 
can be modulated in the n + -Si layer. [271 l28j Although the 
carrier concentration at the Sb J-doped position is n ~ 
10 19 cm -3 , that near the surface becomes n ~ 10 18 cm -3 . 
After the chemical etching of the surface (~ 2 nm), we 
grew 10-nm-thick CoFe epitaxial layer on top of it by 
low-temperature molecular beam epitaxy (LT-MBE) at 
60 °C.[31] As a result, a Schottky-tunnel contact consist- 
ing of CoFe(10 nm)/n + -Si(~ 5 nm)/n-Si was realized, 
where the n + -Si contact region has a modulated doping 



profile, i.e., ~ 10 cm 



10 cm 3 from the top. By 



using conventional processes with photolithography, Ar + 
ion milling, and reactive ion etching, the three-terminal 
lateral device structure is defined. Also, two ohmic con- 
tacts (AuSb) were formed at less than 250 °C. Here the 
n + -Si layer on the channel region was removed by the 
Ar + ion milling. A schematic illustration of the fabri- 
cated devices is shown in Fig. 1(a). The contact 2 has 
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FIG. 2: (Color online) (a) |/2i| — Vint characteristics from 12 
to 40 K. (b), (c), and (d) are schematic illustrations of elec- 
tron transport via direct tunneling, two-step tunneling with 
weak direct tunneling, and almost no tunneling, respectively, 
in reverse bias conditions (Vint < 0). To obtain the same tun- 
nel current, we have to increase the Vint value with decreasing 
temperature. Thus, each schematic illustration indicates dif- 
ferent Vint conditions. 



a lateral dimension of 6 x 200 jim 2 and the distance be- 
tween the contacts 2 and 1 or 3 is ~ 50 fim or ~ 70 
/im, respectively. As displayed in the enlarged TEM pic- 
ture, the fabricated CoFe/n + -Si/n-Si structure has an 
atomically flat interface. Thus, we can ignore defects 
and interface states arising from the interface reaction. 
The three-terminal Hanle-effect measurements were per- 
formed by a dc method with the current (/21) — voltage 
(V23) configuration shown in Fig. 1(a). In the measure- 
ments, a small magnetic field perpendicular to the plane, 
Bz, was applied after the magnetic moment of the con- 
tact 2 aligned parallel to the plane along the long axis of 
the contact. 

We first measured the three-terminal voltage changes 
(AV23) as a function of Bz, i.e., AV^3-5z curves, where 
quadratic background voltages depending on Bz are sub- 
tracted from the raw data. Here the electrons are injected 
into and extracted from, respectively, the Si conduction 
band for reverse (J < 0) and forward (J > 0) biases, 
as previously shown. jlj - KLfjj Figures 1(b) and 1(c) show 
AV 2 3-B Z curves for hi = -0.1 and -0.3 uA at 40 and 18 K, 
respectively. At 40 K [Fig. 1(b)], we can clearly see the 
bias-dependent spin detection, as previously discussed in 
Ref. [141]. That is, although the spin signal can not be 
detected in a low reverse bias condition (/21 = -0.1 fiA), 
the clear spin signal, | A Virile |~ 13 /iV, appears sud- 
denly by an increase in \l2i\ (hi = -0.3 /iA). This feature 
means that the available state of the Si conduction band 
near the quasi Fermi level can become spin-polarized by 
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the spin injection from the CoFe contact, consistent with 
our previous works on the spin accumulation in the Si 
channels. ^jMlM On the other hand, at 18 K [Fig. 1(c)], 
we can find marked change in features of AV23-BZ curves 
despite the same device. In particular, |A^ an i e | is sig- 
nificantly enhanced to ~ 350 /iV for I21 = -0.3 fiA. Also, 
the large spin signal can be observed even for I21 = -0.1 
/1 A where the spin signal could not be detected at 40 K. It 
seems that the full width at half maximum of the AV23- 
Bz curve increases. Using a simple Lorentzian function, 
Ay 23 (£z) = AF 23 (0)/[l+Krs) 2 ],[H] we can evaluate 
the lower limit of spin lifetime (rs) from the AV23-£>z 
curves. Here co>l = g^Bz/h is the Larmor frequency, g 
is the electron ^-factor (g = 2), [ib is the Bohr magne- 
ton. The fitting results are denoted by the solid curves 
in Figs. 1(b) and 1(c). For I21 = -0.3 /iA, we obtained 
a large difference in rs of 1.10 nsec and 0.125 nsec at 40 
and 18 K, respectively. One has never seen these marked 
differences in the Hanle signals in the same device. 

To understand the above strange features depending 
on temperature, we examine the detailed I — V charac- 
teristics of the fabricated CoFe/n + -Si contact for various 
temperatures. Figure 2(a) shows |i"2i| — Vint curves from 
40 to 12 K every 2 K, where V[ n t is the bias voltage at 
the CoFe/Si interface and Vi nt < represents the spin in- 
jection condition. Surprisingly, |i"2i| — Vint feature clearly 
changes with deceasing temperature. For all the temper- 
atures, there is almost no rectification in large bias regime 
(I Vint I > 1-5 V), indicating that tunneling conduction of 
electrons through the Schottky-tunnel barrier is domi- 
nant. However, we can find marked variation in the cur- 
rent in low bias regime (-0.6 V < VJ n t < 0.6 V). It should 
be noted that in the low bias regime two-step features 
can be clearly seen at around 18 K (see-arrows). These 
features mean that the dominant transport mechanism 
of electrons is changed from direct tunneling to two-step 
one by decreasing temperature in both bias conditions. 

In general, the two-step tunneling of electrons occurs 
via interface states such as ionized donors within the de- 
pletion layer or surface states at the I/SC interface. [lol 
\2&\ Since we do not use insulating tunnel barriers between 
CoFe and Si and the used Schottky-tunnel contact of our 
devices has atomically controlled heterointerfaces, (30i l3l| 
the two-step tunneling via the surface localized states at 
the interface should be excluded. Thus, we should take 
into account the localized states (LS) induced by ionized 
donors within the depletion layer. Considering the pres- 
ence of the heavily doped Sb atoms between CoFe and Si, 
we can schematically illustrate the variation in the elec- 
tron transport with decreasing temperature, as shown in 
Figs. 2(b)-(d). As described in the experimental section, 
the n + -Si contact region of our three-terminal device has 
a modulated doping profile, ~ 10 18 cm -3 — >• ~ 10 19 cm -3 , 
from the top. At around 40 K, the electron transport is 
governed by the direct tunneling across the thin tunnel 
barrier due to the presence of the n + -Si layer [Fig. 2(b)]. 
Since the carrier density in our n-Si channel at 40 K was 
~ 2.0 x 10 15 cm -3 , determined by Hall-effect measure- 
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FIG. 3: (Color online) Temperature dependence of (a) 
|AVkanie|, (b) rs and (c) interface resistance (Rint)- 



ments, the carrier freeze-out in the n-Si channel can occur 
with further decreasing temperature. [32| Simultaneously, 
the top region in the Sb-doped Si layer can also show the 
carrier freeze-out because the carrier density in this re- 
gion is almost equal to the channel one. As a consequence 
of the expansion of the width of the depletion layer with 
decreasing temperature, the direct tunneling tends to be 
suppressed and the two-step tunneling via the localized 
states becomes dominant, as shown in Fig. 2(c). At this 
time, the localized states arise from the ionized Sb atoms 
with a doping concentration of ~ 10 19 cm -3 . At around 
12 K, even the two-step tunneling is almost suppressed, 
giving rise to the suppression of the tunnel current in 
the low bias regime, as illustrated in Fig. 2(d) (see-the 
plateau in the |i"2i|— Vint curve at 12 K). When the large 
bias voltage Vint is applied (~ 0.6 V), Fowler-Nordheim 
tunneling takes place, [33] leading to the sudden enhance- 
ment in the current. 

Considering Figs. 2(b)-(d), we discuss the correla- 
tion among lAVkaniel? r s> and tunneling mechanism of 
spin-polarized electrons. Figures 3(a)-(c) show results of 
temperature dependence of |AT^ an i e |, rs and interface 
resistance (i?i n t)> respectively, where the Ri nt variation 
means the change in the dominant mechanism of elec- 
tron transport. As shown in Fig. 3(c), the enhancement 
in Ri nt begins at around 20 K, indicating that the two- 
step tunneling governs the electron transport across the 
Schottky tunnel barrier. Simultaneously, the |AV^ an ie| 
values at around 20 K are markedly enhanced up to two 
or three orders of magnitude larger than those at more 
than 25 K [see-Fig. 3(a)]. Taking the change in Ri nt 
with temperature variation into account, we can regard 
the marked change in |AVHanie| as a consequence of the 
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FIG. 4: (Color online) (a) AV 2 3-B Z curves for hi = + 0.1 A at 
40, 23, and 18 K. The red solid curve at 40 K is fitting result 
with Lorentzian function. [ll|] (b) Schematic illustrations of 
electron transport via two-step tunneling with weak direct 
tunneling (top) and direct tunneling (bottom) in forward bias 
conditions (Vint > 0). (c) |AVkaniei| and |AVkanie2| as a 
function of temperature. 



change in the transport mechanism of spin-polarized elec- 
trons. That is, when the spin-polarized electrons are in- 
jected predominantly into the Si channel by the two-step 
tunneling, the spin signals induced by the spin accumu- 
lation are markedly enhanced. As a result, this is the 
direct observation of the correlation between the spin- 
accumulation signals in the three-terminal method and 
the tunneling mechanism of spin-polarized electrons at 
FM-Si interfaces. 

Here, we focus on rs. Comparing Figs. 3(b) and 3(c), 
we can find that rs is significantly suppressed by the ap- 
pearance of the two-step tunneling. Actually, rs for the 
direct tunneling is ~ 1.0 nsec while that for the two- 
step tunneling is ~ 0.1 nsec. It is quite strange that the 
markedly large spin signals show the shorter spin relax- 
ation time in the same device. Thus, we should further 
discuss the results in Figs. 3. Recent theoretical study 
by Jansen et al suggested that it is important to un- 
derstand a weighted average of the spin accumulation in 
the channel and that in the localized states. [26] Following 
their considerations, we can speculate that the observed 
features at around 20 K is almost different characteris- 



tics from the features in the channels. As Tran et al. 
previously discussed, [lOj if we can also regard the quite 
large |AVHanie| as the spin-accumulation signals domi- 
nantly from the localized states, the above strange fea- 
ture can tentatively be explained. As discussed in Fig. 
2, the localized states in our device consist mainly of the 
heavily doped Sb atoms. [l4] - [l6[ l30| In general, Sb has a 
large atomic number and has a larger spin-orbit interac- 
tion than the P-doped Si channel used. If the spin polar- 
ized electrons accumulate in the localized states formed 
from Sb atoms, one should ignore the weak spin-orbit in- 
teractions from the Si matrix to the injected spins. That 
is, the injected spins in the localized states can directly 
interact with the doped Sb atoms. As a result, the very 
fast depolarizations can occur in the device we fabricated 
at around 20 K. We conclude that the correlation be- 
tween the enhancement in | A Virile | and the suppression 
of rs can be understood by taking into account the spin 
accumulation in the localized states. 

We finally present the three-terminal Hanle-effect sig- 
nals in the spin extraction conditions (/ > 0). As ex- 
pected in Fig. 2(a), we can detect the two-step tunneling 
via the localized states even in Vint > 0, schematically 
shown in Fig. 4(a). The direct tunneling can work as 
the spin extraction from the Si channel at around 40 K, 
while the two-step tunneling can also create the spin ac- 
cumulation in the localized states at around 20 K. Figure 
4(b) shows AV23-i?z curves in a spin extraction condition 
of I21 = +0.1 fiA at various temperatures. Very inter- 
estingly, we can observe a double Hanle-like shape which 
includes a normal Hanle-effect signal in the low-field re- 
gion at less than 23 K, although a normal Hanle signal 
can be detected at 40 K. Since the general magnitude 
of |AVHanie| (~ 10 /iV) and rs value (~ 1.0 nsec) are 
observed, as reported in our previous works, jl34lf3| the 
data detected at 40 K arises from the spin accumula- 
tion in the Si channel. On the other hand, the double 
Hanle-like shape can appear at around 20 K, at which 
the electron transport across the interface changes from 
the direct tunneling to the two-step one. Hence, these 
features are also related to the presence of the spin accu- 
mulation in the localized states. Since we have shown the 
significant electrical detectability of the spin accumula- 
tion in Si channels in the spin extraction conditions with 
a small bias current, [2 O the observed double Hanle- 
like shape is a peculiar feature for our device with a clear 
bias-current dependence. 

If we tentatively try to separate the three-terminal sig- 
nals into |AVkaniei| and | A Virile 2 1, as shown in Fig. 
4(b) (see- the data at 23 K), we can observe the tem- 
perature dependence of both signals in Fig. 4(c). As 
a result, whereas |AVHanie 2I appears at less than 23 K, 
|AVHaniei| is gradually increased even at less than 23 
K. This feature means that the spin accumulation in the 
Si channel can also be enhanced even if there is a two- 
step tunneling of electrons via the localized states. The 
temperature evolution of the two distinct spin accumu- 
lations indicates that the spin accumulations in the Si 
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channel and in the localized states are parallel event. [26] 
Since the n-Si channels for our devices have relatively 
low carrier density n < ~ 10 15 cm -3 at low tempera- 
tures, we can create relatively large spin accumulation in 
the channel by using a small extraction current. [3 fl6j 
However, if we use a heavily doped channel (n > ~ 10 19 
cm -3 at low temperatures), we cannot create such large 
spin accumulation (|AFHanie| ^ 10 /iV) comparable to 
the spin accumulation in the localized states (| AVkaniel ~ 
100 /iV) by using the three-terminal method. Therefore, 
the observed peculiar features in this study are original 
characters of our devices with two-step tunneling via the 
localized states in our devices. 

In summary, we experimentally showed the evidence 
for the presence of spin accumulation in the localized 
states at ferromagnet-silicon interfaces, detected by elec- 



trical Hanle effect measurements in CoFe/n + -Si/n-Si 
three- terminal lateral devices. The enhancement in the 
spin-accumulation signals and the suppression of the spin 
lifetime can be observed simultaneously. The observed 
features are original characters of our Si channel with 
relatively low carrier density, leading to the relatively 
large spin accumulation (~ 10 /iV) comparable to the 
spin accumulation in the localized states (~ 100 /iV) in 
the three-terminal method. 
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